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A heat engine called a pulse tube engine has been recently proposed, which consists of only a few
parts, namely, differentially heated stacked metal meshes in a cylinder and one piston, coupled to a
flywheel. We built the prototype engine and tested its working mechanism from the standpoint of a
thermoacoustic framework. We measured the work flux density distribution over the cross section of
the pulse tube to elucidate the work source of the engine. This engine belongs to the standing wave
engine group and the work source resides not in the stacked metal meshes but in the pulse tube.
© 2009 American Institute of Physics. DOI: 10.1063/1.3187546
About 150 yr after the Stirling engine was invented,
Ceperley1 proposed a pistonless Stirling engine, which exer-
cised sufficient motivation for thermoacousticians to regard
thermoacoustic oscillations as a kind of heat engine. The
prototype Stirling engine with no moving piston was initially
demonstrated by using a looped tube having a differentially
heated regenerator.2 Backhaus and Swift3 improved the Cep-
erley’s engine and realized a thermoacoustic Stirling engine
with a 41% Carnot efficiency. These devices are classified
into the traveling wave thermoacoustic engine group, relying
on an intrinsically reversible thermodynamic cycle.4
It was also in the 19th century when a gas column was
found to oscillate spontaneously in a tube under a steep tem-
perature gradient. The Sondhauss tube and the Rijke tube
were introduced in Rayleigh’s textbook5 as typical examples
of thermoacoustic oscillations. These self-excited oscillations
are classified into the standing wave thermoacoustic engine
group with no moving parts, relying on an intrinsically irre-
versible thermodynamic cycle.4
The Ceperley’s proposal suggested the concept of two
kinds of energy flux density, work flux density I and heat flux
density Q, is fundamental to the understanding of thermoa-
coustic phenomena.6,7 We can estimate the local energy con-
version rate w=div I we call w work source from the spa-
tial distribution2,7 of I; w0 indicates the conversion of
Q to I, whereas w0 indicates the conversion of I to Q.
The energy conversion realized in thermoacoustic engines
w0 falls into two broad categories; one is the traveling
wave energy conversion, by which I is amplified toward the
direction of increasing temperature in a differentially heated
regenerator,8 while the other is the standing wave energy
conversion, by which I flows out from either or both sides of
a differentially heated stack.9 By measuring the distribution
of I we can determine whether heat engine belongs to the
standing wave or the traveling wave engine group and can
show how much power is created. Therefore, the work flux
density measurement is indispensable to the development of
energy conversion devices, such as heat engines and coolers.
As indicated by Swift,10 thermoacoustic concepts could be
equally applicable to some reciprocating heat engines.
Recently, Hamaguchi et al.11,12 proposed an extremely
simple engine called the pulse tube engine, which has a re-
ciprocating piston and does not use a natural frequency as
found in Stirling engines. We experimentally studied the
working mechanism of the engine from the standpoint of a
thermoacoustic framework. We note, here, that the pulse tube
engine is classified into the standing wave engine group and
its work source is found out to be not in stacked meshes but
in the pulse tube.
A schematic diagram of our prototype pulse tube engine
is shown in Fig. 1a, which essentially reproduces the en-
gine manufactured by Hamaguchi et al.11 It consists of a
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FIG. 1. Schematic drawing of our experimental setup. a Pulse tube engine.
The gravitational acceleration is shown by g. b Heater constructed of a
brass block around which a sheath heater is wound and brazed with silver
alloy. c Temperature distribution along the inner tube wall when the heater
is set at x=45 mm. d Tube with an abrupt change in radius from R
=7.8 mm to 17.6 mm.
APPLIED PHYSICS LETTERS 95, 044101 2009
0003-6951/2009/954/044101/3/$25.00 © 2009 American Institute of Physics95, 044101-1
Downloaded 30 Aug 2011 to 130.34.134.250. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
cylindrical tube, with one end closed by an end wall and the
other end connected to a piston cylinder through an orifice.
The cavity, which is made of a Pyrex glass cylinder of 112
mm length and 7.8 mm inner radius =R, has closely
stacked 50-mesh stainless steel wire gauzes in its upper half
and is filled with atmospheric pressure air as the working
gas. Temperature near the upper end is maintained at 23 °C
by a circular copper block with a channel, around which
water is circulated. The piston, whose stroke is 20 mm peak
to peak value, is coupled with a 70 mm diameter rotatable
flywheel with a mass of 0.20 kg. The orifice diameter of 3
mm, drilled through an aluminum block, 8 mm in thickness,
was optimized so that the engine has a maximum output
power.11 The whole experimental system shown in Fig. 1a
is placed on a traverse that permits the measurement of the
radial distribution of the axial velocity V in the pulse tube
using laser Doppler velocimetry LDV. An oil mist evapo-
rated from an oil-coated ceramic heater was used as the seed-
ing particle for the LDV measurement. The heater was in-
stalled on the bottom of the pulse tube.
Heat was supplied to the engine by the heater shown in
Fig. 1b, which is made of a circular brass block with a
channel 9.0 mm inner radius and 13 mm height around
which a sheath heater was wound and brazed with silver
alloy. The heater was set in the most effective position
x=66 mm, being the interface of the stacked meshes and
the pulse tube. When the heater power was gradually in-
creased and its temperature, TH, exceeded a threshold value
180 °C, the flywheel began to rotate after triggering. Its
rotational frequency was increased with increasing heater
power.
In order to study the dynamic behavior of the oscillating
flow, we observed the axial particle velocity V near the cen-
ter at x=30 mm. The observed sequence of the velocity
records for gradually increasing TH is shown in Fig. 2, where
the measured rotational frequency of the flywheel is indi-
cated by f , corresponding to the lowest spectral peak in the
power spectrum of V. For lower frequencies than about
f 3 Hz, the flow pattern, as shown in Fig. 2a, was a pe-
riodic oscillating waveform, accompanied by the mean flow
toward the upper end of the cylinder. As TH was increased
slowly, the velocity amplitude was reasonably increased by
the speeding up of the flywheel. Near f =2.9 Hz we ob-
served a periodic-to-nonperiodic transition, as shown in Fig.
2b. Beyond the critical value, a further increase in TH leads
to an increase in f , but never leads to an increase in the
velocity amplitude. Instead, we observed a fully nonperiodic
oscillating flow, shown in Fig. 2c, where an increase in a
visible noise floor appeared on the power spectrum. We per-
formed the work flux measurement in a low frequency region
to avoid such a nonperiodic oscillating flow.
The work flux density Ix is given by,
Ix =
1
R20
R
2ix,rrdr
with the local work flux density ix ,r= Px , tVx ,r , t
which is written as
ix,r = 12 pxvx,rcos x,r ,
where the bar indicates the time average, p is the pressure
amplitude of pressure P, v is the amplitude of V, and  is the
phase lead of V relative to P. These variables, p, v, and ,
are Fourier components, corresponding to the flywheel rotat-
ing speed f . Small pressure transducers were mounted on the
pulse tube wall through short ducts, set at two locations P1
at x=60 mm and P2 at x=30 mm. We determined the ra-
dial distribution ir through simultaneous measurements of
P and V at P1 and P2.
We obtained experimental results of IP1 and IP2,
keeping the heater position at x=66 mm, and found that
both IP1 and IP2 took a negative value, showing the flow
direction toward the piston. We cannot judge from these data
whether I was flowing out from the stacked meshes or from
just below the heater. Therefore, we removed the heater from
the optimum position x=66 mm, and, instead, installed it
between P1 and P2 to ascertain the work source. Although
the threshold temperature, TH, rose from 180 °C to 215 °C,
the flywheel began to rotate and stably maintained its fre-
quency at f =1.050.05 Hz for TH=225 °C, where the ob-
served velocity records revealed periodic waveforms, every-
where over the cross sections at P1 and P2. Figure 1c
shows the temperature distribution, Tx, along the inner wall
of the glass tube under the oscillation, where TP1 and
TP2 were, respectively, 148 °C and 115 °C. Thus, we per-
formed the work flux density measurements at P1 and P2,
maintaining the heater position at x=45 mm and at a tem-
perature of TH=225 °C.
Figures 3a and 3b show the radial distribution of i
observed at P1 and P2, respectively, where the flow direction
is either toward the stacked meshes or to the piston, accord-
ing to whether i is positive or negative, respectively. The
zero work flux density, observed at a point between the tube
wall and the core, is due to the 90° phase lead of V relative
to P. The solid curves in Fig. 3 are the results of fitting a set
of data with a sixth-order polynomial, using the ordinary
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FIG. 2. Time records of the axial velocity near the center, observed at
x=30 mm. a A periodic oscillation f =1.2 Hz observed at TH=198 °C.
b A periodic-to-nonperiodic transition f =2.9 Hz, observed at TH
=204 °C. c A nonperiodic oscillation f =3.8 Hz, observed at TH
=273 °C.
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least-squares method. The work flux densities at P1 and P2
were obtained by the numerical integration of the fitted curve
over the cross section. As a result, IP1 attained an upward
power flow of 5.3 W /m2, most of which was used to main-
tain the gas oscillation in the stacked meshes, whereas IP2
achieved a downward flow of −15.9 W /m2, which would be
further amplified by the temperature gradient and contributed
to maintain the continued rotation of the flywheel. The work
flux densities delivered from the pulse tube to the stacked
meshes and to the piston mean that the pulse tube engine can
be classified into the standing wave engine group and has an
engine work source more than w7.1102 W /m3, which
is created in the pulse tube. It is of interest that the work flux
near the core of the cylinder compensates for the dissipation
energy in the stacked meshes, while the flywheel rotation is
supported by the work flux near the tube walls.
Thermal contact between an oscillating gas and its sur-
rounding wall is controlled by the parameter R /, where  is
the thermal boundary layer thickness formed at the wall.10 In
the standing wave engine, such as the pulse tube engine,
there is no useful thermodynamic cycle either in the isother-
mal process R or in the adiabatic process R	, but it
resides in the irreversible process R.4,10 In the present
engine, R /2.9 at P2, where grad T, as shown in Fig. 1c,
is positive, so that the standing wave energy conversion w
0 is expected to be favorably executed in the pulse tube.
At the interface between the pulse tube and the stacked
meshes, thermodynamic symmetry4 is broken geometrically
by an abrupt change from R to Rh Rh is the hydraulic
radius of the stacked meshes6, so that the work sink w
0 to counteract the work source w0 created in the
pulse tube is inhibited in the stacked meshes with grad T
0. Instead of the stacked meshes we can also break the
thermodynamic symmetry by an abrupt change in the cross
section using Fig. 1d like a Sondhauss tube, as a result of
which the flywheel is observed to stably rotate at TH
=183 °C with no ambient heat exchanger. The stacked
meshes installed in the cylinder do not play the role of a
regenerator in Stirling engines but that of breaking the ther-
modynamic symmetry.
Although the pulse tube engine has the efficiency disad-
vantage because it relies on an irreversibility, it enjoys sev-
eral favorable advantages, compared with Stirling engines;
for example, it has only one piston at ambient temperature as
a moving part and has no phase tuning system, unlike
Stirling engines. We would like to investigate further, from
the viewpoint of potential applications of the present engine,
and propose a more powerful tool in the near future.
1P. H. Ceperley, J. Acoust. Soc. Am. 66, 1508 1979.
2T. Yazaki, A. Iwata, T. Maekawa, and A. Tominaga, Phys. Rev. Lett. 81,
3128 1998; T. Yazaki, T. Biwa, and A. Tominaga, Appl. Phys. Lett. 80,
157 2002.
3S. Backhaus and G. W. Swift, Nature London 399, 335 1999;
J. Acoust. Soc. Am. 107, 3148 2000.
4J. C. Wheatley, T. Hofler, G. W. Swift, and A. Migliori, Phys. Rev. Lett.
50, 499 1983.
5L. Rayleigh, The Theory of Sound, 2nd ed. Dover, New York, 1945, Vol.
2, Sec. 322f-i.
6G. W. Swift, Thermoacoustics: A Unifying Perspective for Some Engines
and Refrigerators Acoustical Society of America, Sewickley, PA, 2002.
7A. Tominaga, Cryogenics 35, 427 1995.
8T. Biwa, Y. Tashiro, U. Mizutani, M. Kozuka, and T. Yazaki, Phys. Rev. E
69, 066304 2004.
9T. Yazaki and A. Tominaga, Proc. R. Soc. London, Ser. A 454, 2113
1998.
10G. Swift, J. Acoust. Soc. Am. 84, 1145 1988.
11K. Hamaguchi, Y. Ushijima, and Y. Hiratsuka, Proceedings of the 12th
International Stirling Engine Conference, 2005, p. 275.
12We found out by the reviewer’s comment that “Pulse Tube Engine” is also
known as “Thermal Lag Engine” or “Lamina Flow Engine.” Using these
names as Web search keywords, you will find some websites about these
engines.
-40
-20
0
20
40
60
0 0.2 0.4 0.6 0.8 1
r / R
i
(W
/m
2 )
-20
-10
0
10
20
30
40
50
0 0.2 0.4 0.6 0.8 1
r / R
i
(W
/m
2 )
(b)
( )a
FIG. 3. Radial distributions of the local work flux density ir observed at
a P1 and b P2.
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